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reduced b -globin production. Such patients are asymptomatic and may be only mildly anemic. b -thalassemia intermedia occurs in patients with disease of intermediate severity, such as those who are compound heterozygotes of two thalassemic variants. Hemoglobin E, which is the most common hemoglobin variant in the world, is mostly asymptomatic or associated with a mild microcytic anemia in its heterozygous or homozygous states. Because hemoglobin E is synthesized at a reduced rate, it can interact with b -thalassemia to produce a condition called hemoglobin E b -thalassemia. About half of these patients are phenotypically similar to patients with thalassemia major and require regular transfusion therapy, with the other half having courses similar to thalassemia intermedia.
Epidemiology of PH in Hemolytic Disorders
Retrospective studies using mostly Doppler echocardiography to defi ne PH have reported that 20% to 30% of patients with SCD and 10% to 75% of patients with thalassemia have elevated pulmonary artery pressures. [6] [7] [8] [9] [10] [11] In the case of SCD, patients with PH had a signifi cantly increased mortality rate compared with patients without PH. Sutton and colleagues 7 reported a 40% mortality rate at 22 months of follow-up homozygous for a single-nucleotide substitution in the b -globin gene that renders their hemoglobin much less soluble than normal hemoglobin when deoxygenated. This insolubility causes polymerization and aggregation of the hemoglobin inside sickle erythrocytes as they traverse the microcirculation. These cells become entrapped in the microcirculation, producing vascular obstruction, ischemia, and reperfusion injury and secondary vascular infl ammation, thrombosis, and oxidant stress. Intracellular polymerization ultimately damages the membrane and depletes erythrocyte energy reserves, leading to chronic and episodic extravascular and intravascular hemolytic anemia. 4 Thalassemia refers to a spectrum of diseases characterized by reduced or absent production of one or more a -or b -globin chains. b -thalassemia is due to impaired production of b -globin chains, which leads to a relative excess of a -globin chains. These excess a -globin chains are unstable, incapable of forming soluble tetramers on their own, and precipitate within the cell, leading to ineffective erythropoiesis and hemolytic anemia. 5 Thalassemia major, or homozygous b -thalassemia, is a severe disorder due to the inheritance of two b -thalassemia alleles. b -thalassemia minor, also called b -thalassemia trait, occurs in heterozygotes who have inherited a single gene leading to with an odds ratio for death of 7.86. Powars and colleagues 12 reported a mean 2.5-year survival in patients with SCD and chronic lung disease with PH. Castro and colleagues 13 reported a 50% 2-year mortality rate in patients with SCD and PH confi rmed by rightsided heart catheterization. In addition, autopsy studies have suggested that up to 75% of patients with SCD have histologic evidence of pulmonary arterial hypertension at the time of death ( Fig 2 ) . 14 To our knowledge, no studies to date have evaluated the impact of PH on survival in patients with thalassemia or other hemoglobinopathies.
In a National Institutes of Health (NIH) echocardiographic screening study, 15 23% of patients with SCD had borderline-to-mild elevations in estimated pulmonary artery systolic pressures (defi ned by a tricuspid regurgitant jet velocity [TRV] Ն 2.5-2.9 m/s, which corresponds to a pulmonary artery systolic pressure of approximately 30-39 mm Hg), and 9% had moderate-to-severe elevated pressures (defi ned as TRV Ն 3.0 m/s, which corresponds to a pulmonary artery systolic pressure of approximately 40-45 mm Hg) ( Fig 3 ) . Similar rates were found in echocardiographic screening studies performed at two other centers. 17, 18 It is important to point out that a TRV Ն 2.5 m/s that corresponds to an estimated pulmonary artery systolic pressure of 35 mm Hg is approximately 2 SD above the normal mean value for patients aged , 40 years. 19 Measurement of N-terminal pro-brain natriuretic peptide in stored plasma samples showed that 30% of patients enrolled in the Multicenter Study of Hydroxyurea in 1996 had elevated levels, suggesting the possible presence of PH. 20 Two centers independently reported the follow-up of adult patients with SCD who on initial echocardiographic screening had normal TRVs. After 2 to 3 years of follow-up, 13% to 15% of these patients developed high TRVs, suggesting a Doppler-defi ned PH incidence of about 4% to 7% per year. 17, 21 Increasing age is associated with an increased risk of PH. For example, the NIH PH echocardiographic screening study showed that patients with PH were signifi cantly older than patients without PH. 14 An increasing number of studies suggests that PH develops in children with SCD; however, few children have TRV values . 3.0 m/s, and the implications in terms of functional capacity and associated mortality have not been determined. [22] [23] [24] [25] Doppler-defi ned PH increases the risk of death for patients with SCD. In the NIH study, compared with patients with TRV , 2.5 m/s, the rate ratio for death for a TRV of 2.5 to 2.9 m/s and . 3.0 m/s was 4.4 (95% CI, 1.6-12.2) and 10.6 (95% CI, 3.3-33.6), respectively. 14 In support of these fi ndings, De Castro and colleagues 18 found that six (14%) of 42 patients with Figure 2 . Pulmonary arteriopathy in hemolysis-associated pulmonary hypertension. Autopsy fi ndings of a patient with sickle cell disease and pulmonary hypertension who died suddenly during an episode of vasoocclusive crisis. A right-sided heart catheterization performed approximately 1 year earlier demonstrated the following fi ndings: right arterial pressure, 12 mm Hg; mean pulmonary artery pressure, 40 mm Hg; pulmonary capillary wedge pressure, 13 mm Hg, cardiac output, 7.7 L/min; and pulmonary vascular resistance, 281 dyne/s/cm 5 . Low-power photomicrographs demonstrate pulmonary arterial smooth muscle hypertrophy (hematoxylin and eosin stain; original magnifi cation 3 10) ( A ), a plexogenic lesion (hematoxylin and eosin stain; original magnifi cation 3 40) ( B ), and smooth muscle cell hyperplasia (Mason trichrome stain; original magnifi cation 3 40) ( C ).
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hemolytic anemias, pyruvate kinase defi ciency, and possibly malaria. Additionally, certain conditions are associated with both intravascular hemolysis and risk of PH, such as iatrogenic hemolysis from mechanical heart valves, left ventricular assist devices, and cardiopulmonary bypass procedures. (For a complete list of references, refer to reviews by Rother et al 29 and Barnett et al. 30 )
The relationship between hemolysis and PH is biologically signifi cant because free hemoglobin inactivates the intrinsic vasodilator nitric oxide (NO). 29, 31 Hemolysis also releases arginase, which depletes l -arginine, the substrate for NO synthesis. 32 These combined mechanisms result in a state of decreased NO bioavailability and resistance to NO-dependent vasodilation. 29 Hemolysis and decreased NO bioavailability also induce platelet activation, 33 thrombin generation, and tissue factor activation. 34 Further, there is a correlation between the rate of hemolysis and the levels of procoagulant factors in the blood of patients with SCD. [35] [36] [37] Hemolysis also is associated with the formation of RBC microvesicles expressing phosphatidyl serine, which activate tissue factor. 37, 38 These factors all contribute to an increased risk of thrombosis.
Hemolytic anemia induces increased endothelin-1-mediated responses. In patients with SCD, both at steady state and during vasoocclusive pain crises, plasma endothelin-1 levels are increased. 39 In vitro , sickle erythrocytes increase endothelin-1 production by cultured human endothelial cells. In addition, endothelin receptor A antagonism abolishes the vasoconstrictive effects of media from pulmonary endothelial cells exposed to sickle erythrocytes on aortic rings. 39 Splenectomy has been reported to be a risk factor for the development of PH, 40 particularly in patients with hemolytic disorders. [41] [42] [43] Loss of splenic function may trigger platelet activation, promoting pulmonary microthrombosis and red cell adhesion to the endothelium. 44 The spleen also plays a critical function in the removal of senescent and damaged erythrocytes. 45, 46 Following splenectomy, moreover, the rate of intravascular hemolysis increases. 37 In patients with SCD, chronic lung injury may lead to fi brotic pulmonary parenchymal damage, hypoxia, and a consequent pulmonary vasculopathy. Interestingly, however, the number of episodes of acute chest syndrome (a potential cause of chronic lung disease and pulmonary fi brosis) is not associated with PH. 15, 20 In addition, a similar prevalence of PH in patients with thalassemia who do not develop acute chest syndrome suggests that lung injury may worsen PH but certainly is not etiologic. Chronic thromboembolic PH has been reported in patients with hereditary spherocytosis and stomatocytosis 43, [47] [48] [49] and appears to occur in approximately 5% of patients with SCD and severe PH. 16 PH and two (2%) of 83 patients without PH died during a 2-year follow-up period. Similarly, in the study by Ataga and colleagues, 17 nine of 36 patients with PH and one of 57 patients without PH died during the 2.5-year follow-up period (relative risk, 9.24; 95% CI, 1.2-73.3).
There are very limited data about the prevalence and impact of PH associated with hemolytic disorders in the developing world. Using Doppler echocardiography, Ailyu et al 26 screened 208 patients with SCD in Nigeria, and TRV was Ն 2.5 m/s in 25% of these patients. Higher TRV was associated with inability to walk . 300 m in 6 min ( P 5 .042). BillyBrissac et al 27 analyzed echocardiographic fi ndings of 427 patients with SCD in Guadalupe. PH (defi ned as a pulmonary artery systolic pressure . 30 mm Hg) was found in 49 (11.5%) patients. During follow-up, 14% with PH and 4% without PH died ( P 5 .006).
Pathobiology of PH in Hemolytic Disorders
Epidemiologic studies suggest that the central risk factor for the development of PH in patients with hemoglobinopathies is hemolytic anemia. 15, 17, 18, 28 In support of this notion, PH is an increasingly recognized complication of chronic hereditary and acquired hemolytic anemias, including SCD, thalassemia, paroxysmal nocturnal hemoglobinuria, hereditary spherocytosis and stomatocytosis, microangiopathic Figure 3 . Prevalence of elevated pulmonary artery systolic pressure and pulmonary hypertension in sickle cell disease. Approximately 30% of patients with sickle cell disease have an elevated estimated pulmonary artery systolic pressure ( . SD above mean reference value for patients aged , 40 years). Right-sided heart catheterization-confi rmed pulmonary hypertension occurs in 6% of patients. Pulmonary arterial hypertension occurs in 2% of patients. Data are based on 213 patients from Gladwin et al 15 and Anthi et al. 16 mPAP 5 mean pulmonary artery pressure; PAH 5 pulmonary arterial hypertension; PCWP 5 pulmonary capillary wedge pressure; PH 5 pulmonary hypertension; PVH 5 pulmonary venous hypertension; PVR 5 pulmonary vascular resistance; RHC 5 right-sided heart catheterization; TRV 5 tricuspid regurgitant jet velocity.
heart failure ( Table 1 ) . Right-sided heart catheterization data show that the hemodynamic etiology of PH in these patients is multifactorial. In our cohort, 16 pulmonary arterial hypertension (defi ned by an mPAP Ն 25 mm Hg and a wedge pressure Յ 15 mm Hg) was present in 54% of catheterized patients with SCD, whereas pulmonary venous hypertension secondary to left ventricular diastolic dysfunction (defi ned 5 , and a wedge pressure Յ 15 mm Hg) is present in 12% of catheterized patients ( Fig 3 ) . A recently presented study of a French cohort of patients with SCD revealed slightly different results but confi rmed the multifactorial etiology of elevated pulmonary artery pressures in this population. 53 The researchers reported that 6% of their screened cohort had an mPAP Ն 25 mm Hg, even after excluding patients with chronic renal insuffi ciency, low total lung capacity, and evidence of liver dysfunction, which all are common complications of SCD. Of the patients with an mPAP Ն 25 mm Hg, 55% had pulmonary venous hypertension, 22.5% had pulmonary arterial hypertension, and 22.5% had PH secondary to a hyperdynamic state.
The prognostic impact of diastolic dysfunction in patients with SCD has also been investigated. Using echocardiography in a cohort of 141 patients, Sachdev et al 54 found that 47% had PH, diastolic dysfunction, or both (29% had PH alone, 11% had diastolic dysfunction and PH, and 7% had diastolic dysfunction alone). PH and diastolic dysfunction were associated with a relative risk of death of 5.1 (95% CI, 2.0-13.3) and 4.8 (95% CI, 1.9-12.1), respectively, whereas the relative risk of death when both were present was 12.0 (95% CI, 3.8-38.1). These data suggest that both PH and diastolic dysfunction independently carry additive mortality risk.
Effects of Pulmonary Hypertension on Exercise Capacity
Patients with chronic hemolytic anemia appear to be poorly tolerant of even small increases in pulmonary artery pressure and pulmonary vascular resistance. When compared with age-, sex-, and
Hemodynamic Profiles in Pulmonary Hypertension Associated With Hemolytic Disorders
By decreasing the oxygen-carrying capacity of the blood, anemia can impair cardiopulmonary function. However, because multiple mechanisms exist to adjust to a reduced oxygen-carrying capacity of blood, the signs and symptoms induced by anemia depend on the degree of anemia, the rate at which it evolves, the oxygen demands of the patient, and the presence of chronic cardiopulmonary disease. For instance, in resting adults subjected to acute isovolemic anemia, oxygen delivery can be maintained at hemoglobin concentrations as low as 5 g/dL, 50 a fi nding that also occurs in patients with chronic severe anemia. 51, 52 From the hemodynamic standpoint, as hemoglobin level decreases, cardiac output increases, fi lling pressures tend to decrease, and systemic and pulmonary vascular resistances decrease. For instance, in studies of patients with SCD undergoing right-sided heart catheterization, the mean cardiac output and pulmonary vascular resistance for patients without PH were 10 L/min and 59 dyne/s/cm 5 , respectively ( Table 1 ) . It is within the context of these data that one must consider the impact of PH in patients with chronic anemia and hemolytic disorders. As such, we believe that it is appropriate to consider a lower upper limit of normal pulmonary vascular resistance (eg, , 160 dyne/s/cm 5 ) in these patients.
In contrast to patients with traditional forms of pulmonary arterial hypertension (eg, idiopathic, scleroderma associated) who are symptomatic with mean pulmonary artery pressures (mPAPs) in the range of 50 to 60 mm Hg, patients with hemolytic disorders have a mild-to-moderate degree of elevation in mean pulmonary pressures (30-40 mm Hg), with mild elevations in pulmonary vascular resistance. These patients also have coexistent mild elevation in pulmonary capillary wedge pressure, suggesting left-sided Data are presented as mean 6 SD, unless otherwise indicated. Adapted from Castro et al, 13 Anthi et al, 16 and Leight et al. 52 a Not reported by Castro et al. 13 with hydroxyu rea or simple/exchange transfusions. Hydroxyurea has been shown to decrease hemolytic rate; increase hemoglobin levels; decrease trans fusion requirements; and decrease pain, incidence of acute chest syndrome, and overall mortality. 60, 61 Long-term transfusion therapy in patients with SCD reduces the synthesis of sickle cells and the pathologic effects. The risks of most complications of the disease are reduced, including the risks of pulmonary events and central nervous system vasculopathy. [62] [63] [64] Chronic transfusion therapy in severe thalassemia is likely to have a favorable impact in patients with PH. This thesis is supported by a report by Aessopos and colleagues 65 that in transfused, iron-chelated patients with thalassemia major, PH was completely prevented. In patients with paroxysmal nocturnal hemoglobinuria, the use of eculizumab, a monoclonal antibody that prevents complement-mediated red cell lysis, resulted in a dramatic reduction in intravascular hemolysis, 66 suggesting that this agent could be of potential benefi t in patients with this condition and PH. Insuffi cient data are available for recommendations regarding treatment specifi cally targeting pulmonary arterial hypertension, and the choice of agents is largely empirical. However, there are specifi c issues regarding the use of these drugs in patients with hemolytic diseases. The systemic use of prostanoids produce significant systemic vasodilation and increases in cardiac output, raising the concern for the potential development of high-output heart failure in patients with anemia. The main toxicity of endothelin-1 receptor antagonists is hepatocellular injury, which could limit their applicability in these patients who are at risk for liver dysfunction (eg, iron overload, hepatitis C). Another class effect of these agents is a dose-related decrease in hemoglobin levels usually in the range of 1 g/dL. 56 The main concern related to the use of phosphodiesterase-5 inhibitors is the potential for the development of priapism in men with SCD.
Because decreased NO bioavailability is likely to be involved in the pathogenesis of the PH associated with chronic hemolytic disorders, therapeutic interventions that enhance NO effects may be of potential benefi t. l -arginine is the nitrogen donor for the synthesis of NO by NO synthase. When given for 5 days to 10 patients with SCD and moderate-to-severe Doppler-defi ned PH, l -arginine decreased estimated pulmonary artery systolic pressure by a mean of 15.2%, suggesting that it may play a role in the chronic treatment of PH in SCD. 67 In a case series, seven patients with PH and mean tricuspid regurgitant gradients Ն 45 mm Hg at rest and either thalassemia intermedia, thalassemia major, or sickle thalassemia were treated with sildenafi l from 4 weeks to 48 months. 68 Tricuspid regurgitant gradients decreased in all patients, and functional status as defi ned by New York Heart Association class and hemoglobin-matched patients with SCD and without PH, patients with PH confi rmed by right-sided heart catheterization and mPAP of 36 6 1.5 mm Hg exhibit shorter 6-min walk distance (435 6 31 m vs 320 6 20 m; P 5 .002), lower peak oxygen consumption (50 6 3% predicted vs 41 6 2% predicted; P 5 .02), and higher ventilatory equivalent for CO 2 at anaerobic threshold (31.6 6 1.5% vs 39.2 6 1.6%; P 5 .035) on cardiopulmonary exercise testing. 16 In that study, the 6-min walk distance was inversely correlated with pulmonary vascular resistance ( r 5 2 0.37; P 5 .029) and mPAP ( r 5 2 0.57; P , .001), and directly correlated with maximal oxygen consumption ( r 5 0.49; P 5 .003), supporting the contribution of increasing pulmonary artery pressures to loss of exercise capacity. In addition, in patients with SCD, pulmonary vascular resistance sharply rises with exercise, suggesting that pulmonary vascular disease contributes to functional limitation in these patients. 55 Taken together, these data suggest that in patients with chronic anemia, mild-to-moderate PH has a severe adverse impact on functional and aerobic exercise capacity. This thesis is supported by comparing the data presented previously to that of patients with pulmonary arterial hypertension from other etiologies with a higher mPAP (54 6 1 mm Hg) who perform better on 6-min walk test (398 6 8.2 m) and exercise testing (46 6 1% predicted). 56 
Treatment
There are limited data on the specifi c management of patients with hemolytic disorders and PH. Most of the recommendations are based on expert opinion or extrapolated from data derived from other forms of PH. The general approach should include maximization of treatment of the primary hemoglobinopathy, treatment of hypoxia with chronic oxygen therapy, treatment of associated cardiopulmonary conditions, and consideration of targeted PH therapy in selected cases. There is evidence of a benefi cial effect of warfarin anticoagulation with regard to decreased mortality in patients with idiopathic pulmonary arterial hypertension. [57] [58] [59] The potential benefi ts of warfarin therapy have to be weighed against the potential risk of hemorrhagic stroke in adults with SCD or hemorrhage in patients with chronic anemia, but we believe that the high risk of death in these patients supports anticoagulation in patients with severe pulmonary arterial hypertension without a specifi c contraindication.
Based on the observation that chronic intravascular hemolysis is a central mechanism in the development of PH, it is likely that maximization of standard treatments targeted at decreasing hemolytic rate would be benefi cial. We recommend that all patients with SCD and PH undergo maximization of therapy
Conclusions and Future Opportunities
In patients with SCD (and possibly in other hemolytic disorders), the presence of Doppler-defi ned PH is common and a major risk factor for death. Strong evidence suggests that regardless of its etiology, PH defi ned by right-sided heart catheterization impairs aerobic exercise capacity in these patients. Within the many conditions associated with pulmonary vascular disease, hemolytic disorders are among those with the greatest potential global impact. Even assuming, based on the French cohort data, 53 that approximately 6% of these patients have PH and close to 2% have pulmonary arterial hypertension, one can appreciate that inherited hemoglobin disorders are potentially one of the most common causes of pulmonary vascular disease worldwide, given the relatively high prevalence of hemoglobinopathies in certain areas of the developing world. The impact of hemolysis-associated PH on health care also is likely to grow as more children with severe hemoglobin disorders survive into adulthood in these areas of the world. We also speculate that hemolysis-associated endothelial dysfunction could play a role in the complications associated with severe malaria, a disease with high mortality and unquestionable global health impact. 73 The role of PH-specifi c therapy in patients with hemolytic disorders remains uncertain. We believe that there is a strong rationale to support treatment with these agents in symptomatic patients with hemodynamic evidence of pulmonary arterial hypertension. The results of the Walk-PHaSST study, however, suggest that sildenafi l therapy should be used with caution in patients with SCD because it appears to increase the risk of vasoocclusive crisis. These fi ndings also highlight the importance of conducting randomized trials in this patient population because these patients are clearly distinct from other groups with traditional forms of pulmonary arterial hypertension. The role of therapy in patients with mild elevations in pulmonary artery systolic pressure has not been established. Finally, given that chronic intravascular hemolysis appears to play a central role in the development of vasculopathy in patients with hemolytic disorders, the design of trials aimed at investigating the effects of therapies targeted at decreasing hemolytic rate on the development of PH and mortality should be strongly considered.
The emergence of PH as a complication of the hereditary hemolytic anemias is a major example of the potential global impact of pulmonary vascular disorders. There has been signifi cant progress in understanding the pathophysiology of this chronic complication of hemolytic diseases, but there is still a major need for the development of novel therapies for this patient population that could only be achieved if we direct our efforts toward including the developing world in multinational clinical trials designed to meet these challenges.
6-min walk test improved. We treated 12 patients with mean estimated pulmonary artery systolic pressure of 51 mm Hg (nine of whom underwent rightsided heart catheterization at baseline) for a mean of 6 months. 69 Acute administration of sildenafi l significantly decreased mPAP by 26% (95% CI, 2 47% to 2 4%), decreased pulmonary vascular resistance by 57% (95% CI, 2 74% to 2 39%), and increased cardiac index by 45% (95% CI, 22%-68%). Chronic sildenafi l therapy was associated with a 10-mm Hg decrease in estimated pulmonary artery systolic pressure, a 78-m improvement in 6-min walk distance, and a mean N-terminal pro-brain natriuretic peptide decrease of 448 pg/mL.
The published experience with endothelin antagonists in the treatment of PH is also very limited. Minniti et al 70 reported on the use of bosentan and ambrisentanin in a cohort of 14 patients with SCD and PH documented by heart catheterization. Endothelin antagonist therapy, either as monotherapy or in combination with sildenafi l, was well tolerated and resulted in a modest improvement in 6-min walk distance (baseline, 357 6 22 m; 6 months posttherapy, 398 6 18 m; P , .05). To our knowledge, there is no published case series of prostanoid therapy in this population.
Two randomized multicenter placebo-controlled studies evaluating the role of PH therapy in patients with SCD have been conducted. The Randomized, Placebo-Controlled, Double-Blind, Multicenter, Parallel Group Study to Assess the Effi cacy, Safety and Tolerability of Bosentan in Patients With Symptomatic Pulmonary Arterial Hypertension Associated With Sickle Cell Disease-1 and-2 studies enrolled patients with pulmonary arterial hypertension and pulmonary venous hypertension, respectively, who were randomized to bosentan or placebo. After enrollment of 26 subjects, the studies were terminated because of slow site activation and patient recruitment. In the limited sample of patients, bosentan was well tolerated with no signifi cant differences in serious averse events or laboratory tests between patients receiving the study drug or placebo, but effi cacy end points could not be formally analyzed. 71 Pulmonary Hypertension and Sickle Cell Disease with Sildenafi l Therapy (Walk-PHaSST) was a trial evaluating the safety and effi cacy of oral sildenafi l for the treatment of Doppler-defi ned PH (TRV Ն 2.7 m/s) in adults and children (aged . 12 years) with SCD. After 74 (out of a planned 132) subjects were enrolled, the study was discontinued because of a signifi cant increase in hospitalizations due to vasoocclusive pain crisis in the sildenafi l arm. 72 In that study, patients were not required to be on hydroxyurea or chronic transfusion therapy for SCD. Thus, it is uncertain whether these adverse effects could be mitigated by intensifi cation of SCD-specifi c therapy prior to the initiation of sildenafi l treatment.
